The control of neuritic extension and guidance is critical for the development, maturation, and regeneration of functional neuronal circuits. We identified a neuronal 64-85 kDa phosphoprotein, the expression of which in mouse brain is regulated during development, reaching a peak at -5 d postnatal, when maturation of neurons and synaptic connections is highly active. The amino acid sequence of the mouse protein deduced from its cloned cDNA reveals similarities with that of the neuritic outgrowthand guidance-related product of the uric-33 gene in Caenorhabditis elegans. The regulation of its phosphorylation in response to nerve growth factor, as well as its localization in neurites and growth cones and at the neuromuscular junction, further indicates that Ulip (for Uric-33-like phosphoprotein) is not only a structural but likely is also a functional mammalian homolog of Uric-33, potentially involved in the control of neuritic outgrowth and axonal guidance.
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The development of the nervous system requires, after proliferation and migration of neuronal precursor cells, the growth of neuritic processes and their guidance toward the appropriate targets with which they will establish synaptic contacts. Several intracellular proteins, the expression or regulation of which could be related closely to neuritic growth and its control, have been characterized (for review, see Skene, 1989) . Genetic screening of mutants impaired in the proper targeting of neuronal circuits in invertebrates such as Cuenorhabditis elegans (White et al., 1986) yielded a large set of mutants exhibiting abnormal, uncoordinated (uric mutation) movements (Brenner, 1974; Swanson et al., 1984) . Aside from mutations in genes coding for muscle proteins, proteins implicated in migration of precursor cells, neurotransmitter release, and synapse formation, several mutations resulting in axonal outgrowth defects were identified (Hedgecock et al., 1985; Desai et al., 1988; Siddiqui and Culotti, 1991; McIntire et al., 1994) . Some of these correspond to extracellular guidance molecules such as uric-6 (Desai et al., 1988; McIntire et al., 1994) for which netrins have been identified recently as their mammalian homologs (Serafini et al., 1994) whereas others like uric-33 Recei ved Aug. 3, 1995; revised Oct. 10, 1995; accepted Oct. 16, 1995. This work was supported by funds from the Institut National de l a SantC et de l a Rccherche Medicale, the Centre National de l a Recherche Scientifique, the Association FranGaise contre les Myopathies, the Association pour l a Recherche contre l e Cancer, and the Ligue Nati onal e FranFix contre l e Cancer. (Li et al., 1992) or uric-44 correspond to intracellular, often cytoskeleton-associated or related proteins (Otsuka et al., 1995) . In our own search for proteins involved in the relay and integration of intracellular signals triggered by extracellular regulatory factors, we identified stathmin (Sobel, 1991) a small, ubiquitous, and cytosolic phosphoprotein that is highly expressed in neurons of the developing brain (Chneiweiss et al., 1989; Koppel et al., 1990) and is phosphorylated in response to growth and differentiation factors such as nerve growth factor (NGF) (Doye et al., 1990) . It is the generic member of a highly conserved protein family (Maucuer et al., 1993) that includes the neuronal differentiation-related protein SCGlO (Anderson and Axel, 1985; Stein et al., 1988) .
We have observed previously that a rabbit polyclonal antibody originally directed against an internal peptide of stathmin also recognized a 64 kDa brain-specific phosphoprotein (Koppel et al., 1990 ). This protein is highly expressed in the neonatal mouse and is downregulated in the adult, therefore appearing to be implicated potentially in the development of the nervous system. We report in this study the further molecular purification and characterization of this phosphoprotein, as well as the molecular cloning of its cDNA. The corresponding amino acid sequence reveals similarities with that of a bacterial hydantoinase and with the neuronal development-related gene product of uric-33 in C. eleguns; we therefore designate the mouse protein as Ulip (for Uric-33-like phosphoprotein).
Mutations in the uric-33 gene were shown to result in neuritic outgrowth and guidance defects (Hedgecock et al., 1985; Hedgecock et al., 1987; Desai et al., 1988 ). Ulip appears also to be part of a Uric-33-related protein family, another member of which is represented by the toad-64 protein identified recently in rat (Minturn et al., 1995) and the chick crmp-62 protein (Goshima et al., 1995) which was published after submission of this paper and was proposed to be involved in the intracellular response to collapsin. Together with the molecular properties of the mouse Ulip protein, our present characterization of its biological expression and regulation in neuronal cells 10 pg/ml leupeptin, 25 pg/ml aprotinin, and 10 pg/ml pepstatin).
Homogenates were centrifuged for 10 min at 4000 X g. Pellets were resuspended in 2 vol of homogenization buffer, homogenized, and centrifuged as before. The supernatants of the two centrifugations were assembled, sonicated, and centrifuged for 1 hr at 100,000 X g. The supernatant (S2) was loaded on a DEAE-Sepharose Cl-6B column (1.75 cm' X 26 cm) equilibrated with 100 ml of buffer A (25 mM Na phosphate, pH 7.8, 1 mM EGTA) at a flow rate of 30 mlihr. Proteins were eluted in 300 ml of a linear gradient of O-250 IIIM NaCl in buffer A, and 5 ml samples were collected.
The Cell culture. PC12 cells were grown in RPM1 1640 supplemented with 10% horse serum, 5% fetal calf serum, 2 mM glutamine, and 5 wg/ml gentamycine. Cells were passaged using 0.025% trypsin and 1 mM EDTA in phosphate-buffered saline (PBS). F or induction of differentiation, 20 @ml 2.5s NGF was added to the cultures. Differentiation usually was induced during 3 d. For two-dimensional PAGE analysis, cells were scraped from the culture dishes in PBS. They were centrifuged for 10 min at 1300 X g and sonicated in 3 vol of homog&ization buffercontaining 50 mM Tris-HCI, pH 7.2, instead of Na phosphate.
Irnmunojluorescence
procedures.
PC12 cells were fixed in methanol at -20°C (6 min) and treated with blocking solution containing 3% bovine serum albumin (BSA) in PBS (3 times, 10 min each). The cells were incubated (1 hr) with the antibodies diluted in the blocking buffer and washed with PBS containing 0.1% Tween 20. Fluorescein-conjugated goat anti-rabbit antibodies @ago, Burlingame, CA) were used to reveal anti-Ulip antibodies, and rhodamine-coniugated antibodies (Biosvs. Compi&ne, France) were used to reveal a&eurofilament (68 iDa)@& anti-tubulin antibodies (Sigma).
Striatal neurons from 20 d gestational rat embryos were cultured for 8 d and then fixed in 2% p-formaldehyde in PBS containing 1 mM Ca*+ for 30 min at 4°C. This was followed b$ another incubation-in 0.1% glycine and 0.1% Triton X-100 in PBS for 30 min at room temoerature. Incubations with antibodies were performed as for PC12 cells'.
Control immunolabeling experiments were performed using either preimmune serum or serum preincubated with the recombinant Ulip antigen (10 pg protein/k1 serum).
Immunostaining procedures on muscle tissue were performed as described previously (Cifuentes-Diaz et al., 1994) . Briefly, frozen adult muscles were cut at -28°C. Cryostat sections (6 pm) were incubated directly for 1 hr with the anti-Ulip antiserum diluted 1:500 in blocking solution, washed (1 hr) in PBS containing 0.1% Tween 20, and incubated with fluoresceinconjugated anti-rabbit antibodies (dilution 1:lOO). After washing, preparations were treated with rhodamine-conjugated a-bungarotoxin (l:lOOO, Molecular Probes, Eugene, OR).
For immunostaining of whole-mount-teased fibers, small bundles of fixed (1% p-formaldehyde) muscle fibers were incubated first with 0.1 M glycine in PBS (30 min) and then with 3% BSA and 0.5% Triton X-100 in PBS (30 min). Thev were incubated next with anti-Ulio antiserum (1500) obernighi at 4"d, washed, and incubated with second& antibody. The specificity of the staining was assessed by the omission of the primary antibody or by the use of preimmune serum. Preparations were observed with a conventional fluorescence microscope or with a confocal laser scanning microscope (MRC-600, Bio Rad, Hercules, CA) mounted on an Optiphot II Nikon microscope as described previously (Mkge et al., 1992) .
RESULTS
Ulip is a phosphoprotein pre'sent in mouse brain as at least two different isoforms Two-dimensional Western blot analysis of the soluble fraction of newborn mouse brains showed that an antiserum raised against a peptide corresponding to stathmin residues 15-27 recognized, in addition to the characteristic stathmin spots in the region of 19-20 kDa, three spots corresponding to a more basic protein with an M, of -64 kDa ( Fig. L4 ) (Koppel et al., 1990) . This protein, originally designated P60 and which we propose to name Ulip (see introductory remarks), was found in the high-speed supernatant of a mouse brain extract but, unlike stathmin, it was precipitated after boiling.
The molecular characterization of Ulip based on its identification with the anti-stathmin antiserum allowed the production of two rabbit polyclonal sera specific for this protein: (1) an antiserum raised against synthetic peptide V corresponding to the sequence of an internal peptide of Ulip; and (2) an antiserum raised against a recombinant protein produced in bacteria. As shown in Figure lB , both antisera recognized the Ulip protein in the brain and showed no cross-reactivity with stathmin. Because of its higher sensitivity and specificity, the anti-recombinant Ulip antiserum was used primarily for further investigations. Nevertheless, the results obtained with this antiserum always could be reproduced qualitatively with the antiserum raised against the synthetic peptide.
All three available antisera recognized several spots corresponding to various molecular forms of Ulip on two-dimensional immunoblots of a neonatal mouse brain-soluble extract (Fig. 1C) . Two groups of spots were recognized by the various antisera in brain extracts: group A, with an M, of -64 kDa, and group B, with an M, of -70 kDa. The anti-stathmin antiserum detected three increasingly acidic forms within group A, with isoelectric pH (PI) values of 7.1, 6.9, and 6.8 (spots 3, 4b, and 5, respectively). In addition, the anti-Ulip antiserum allowed the detection of additional spots in group A (spots 1, 2, 4a, and 6), as well as spots in group B. The protein forms of both groups migrated with a similar p1 pattern, differing only in spots 1 and 6, which could not be detected in group B, and in spot 4, which appeared as a doublet (a and b) in group A, whereas only spot 4a could be detected in group B.
Spots l-6 migrated at isoelectric points differing by -0.1 pH unit from each other, corresponding approximately to the charge brought by the addition of a phosphate group. The difference between the isoelectric points of A4a and A4b is too small to be explained by an additional phosphate group and, therefore, corresponds more likely to another type of post-translational modification.
The acidic forms l-6 of both groups A and B could be converted mostly to two more basic forms (p1 -7.4), designated A, and B,, respectively, after treatment with alkaline phosphatase for 10 min at 37°C (Fig. 1C) . Furthermore, the irz vitro phosphorylation of the partially purified fraction of Ulip with protein kinase A (PKA), casein kinase II, or cdc2 kinase produced radioactive spots corresponding to forms Al-A5 (data not shown). The acidic forms 1-6, therefore, correspond to increasingly phosphorylated states of the corresponding nonphosphorylated forms N. Together, these observations indicate that groups A and B correspond most likely to the various unphosphorylated (N) and phosphorylated (l-6) states of two isoforms of Ulip. Of interest, a third isoform (C) with an M, of -85 kDa was recognized by all three antisera in the rat PC12 pheochromocytoma cell line, as described below (see Fig. 6 ).
Because the B isoform is not recognized by the anti-stathmin antibody, whereas it is detected with both the anti-peptide V and the anti-recombinant Ulip antisera, it lacks the stathmin-related epitope. This could be the result of a post-translational modification of alternative splicing, or of the expression of a second, closely related gene. Because the lower A4, form is recognized by the anti-stathmin antiserum, one can exclude the possibility that isoform A is a result of a proteolytic degradation of isoform B. In agreement with this, the recombinant Ulip protein, which contained an additional 20 amino a&d "His" tag (see Materials and Methods), migrated only slightly above the A isoform and clearly below the B isoform on SDS gels (data not shown). Figure 1 . A, Two-dimensional PAGE and immunoblot analysis of a mouse-brain-soluble fraction. A soluble protein extract from neonatal mouse brains (40 pg of protein) was electrophoresed on two-dimensional gels (pH 6-8, 13% polyacrylamide) and either silver-stained (left) or blotted onto nitrocellulose and subjected to immunodetection with an anti-stathmin antiserum (l:lO,OOO) (right). Stuthmin and Ulip spots are indicated. B, Characterization of specific anti-Ulip antisera. Antisera were raised specifically against Ulip by injecting rabbits either with peptide V (see Fig. 2 ) or with the recombinant Ulip protein. The soluble fraction from neonatal mouse brains (1.5 pg of protein) was electrophoresed on a 13% polyacrylamide gel and immunoblotted with anti-stathmin (l:lO,OOO dilution), anti-recombinant Ulip (1:20,000), or anti-peptide V (1:2,000) antiserum. Note that the antiserum directed against the recombinant Ulip is the most specific (see UZ@); St., stathmin. C, Multiple forms and in vitro dephosphorylation of Ulip. Protein (40 pg) from the soluble fraction of a neonatal mouse brain homogenate was separated by two-dimensional PAGE (pH 6-8, 10% acrylamide), and the Ulip protein was revealed with the indicated antisera (same dilutions as in B). Two groups of forms with respective M, of -64 kDa (group A) and -70 kDa (group B) are indicated, as are the corresponding nonphosphorylated (N) and phosphorylated (P) forms. The phosphorylated forms are numbered, most likely according to their degree of phosphorylation. The form number 4 seems to be subdivided further in a and b, differing probably by some other post-translational modification (see text). All of the forms recognized by the anti-recombinant Ulip also were recognized by the anti-peptide V antiserum (data not shown). Control, untreated brain homogenate; phosphatuse, 20 U of alkaline phosphatase was added to the protein fraction and incubated at 37°C for 10 min, resulting in the conversion of most phosphorylated forms of Ulip toward their unphosphorylated states N, and Na.
saturation. After desalting and concentration, this peak was purified further by molecular sieve, FPLC chromatography on Superose 12HR. The resulting Ulip fraction was enriched -loo-fold compared with the original soluble fraction of the neonatal mouse brain (data not shown).
The enriched Ulip-fraction proteins were separated by twodimensional PAGE, the A3 spot of Ulip was cut out, and the sequences of five internal peptides were determined (Fig. 2) . Two degenerate oligonucleotides (Oli-1 and Oli-2) based on the respective sequences of peptides V and IV were used to screen 750,000 clones of a neonatal mouse brain Uni-Zap cDNA library at high stringency. Oli-1 yielded no clearly positive clones, whereas Oli-2 detected 14 positive clones, all of which contained 1500-to 2000-bp-long inserts that differed only by the length of their 5' ends.
The longest sequence identified is presented in Figure 2 . It displays an open reading frame (ORF) with a translation initiation consensus sequence (Kozak, 1987) upstream of an initial ATG. The ORF codes for a protein of 570 amino acids, which contains the sequences of all five peptides that were sequenced earlier TCG GTT GCC GAA TAC AAC ATC TTT GAA GGG ATG GAG CX CGT GGT GCA CCT CTG GTG GTT ATC TGC CAG GGC 1659
.UG ATC An: Cl'C GM GAT GGC AAC CTG CAC GTC ACC CAG GGG GCT GGC CGC TTC ATT CCC TGC AGC CCA TTC KIMLEDGNLHVTQGAGRFI 1731 414
'XT GAC TAT GTC TAT AAG CGC ATT AAA GCA AGG AGG AAG AX
TAT GAT GGA CCA GTG TTT GAC TTG ACC ACC ACC CCC AAG GGG GGC ACC CCA GCT GGC TCT ACT CGG GGC TCT YDGPVFDLTTTPKGGTPAGS T CCC ACT CGG CCA AAC CCG CCA GTG AGG AAC CTC CAT CAG TCA GGA TTT AGC CT2 TCA GGC ACC CA?, G'IY: There is no significant homology between the sequences of Ulip and stathmin, suggesting that the cross-reactivity with the antistathmin antiserum affected only a restricted epitope and, thus, was fortuitous. The calculated molecular mass of the protein corresponding to the identified sequence is 61,940 Da, and its theoretical p1 is 6.3. It is hydrophilic and contains several predicted LY helices and p sheets, but none of them of extensive length.
In agreement with the observation that Ulip is a phosphoprotein in viva, its sequence displays consensus sites for several protein kinases (Fig. 2, shaded boxes) such as PKA (S363, S522, and S553), casein kinase II (T84, S226, and T.543), and "prolinedirected" kinases such as cdk or mitogen-activated protein kinase (MAPK) (S308, T313, and S472). This is also in agreement with in vitro phosphorylation results indicating that the partially purified Ulip protein is a good substrate for casein kinase II, cdc2, and PKA (data not shown).
Molecular
conservation of Ulip and sequence homologies with a D-hydantoinase and Uric-33 A search for protein sequence homology in the GenBank database revealed that the Ulip amino acid sequence is 77% identical to that of the rat neuronal protein designated toad-64 (accession number 246882) (Minturn et al., 1995) . This protein, therefore, likely is a member of the same protein family as Ulip (see also Discussion).
Databank screening also revealed several short, Ulip-related human fetal brain-expressed-sequence tags (ESTs) (Adams et al., 1993) , which cover three domains (EST I, EST ZZ, and EST ZZZ in Fig. 3 ) that together represent more than half of the Ulip sequence. There is a high degree of similarity between the corresponding regions of the mouse Ulip and the human EST-derived amino acid sequences (81, 76, and 96% identity within EST domains I, II, and III, respectively). Furthermore, the anti-Ulip antiserum recognized a protein with an M, of 64 kDa on a Western blot of a human brain extract, as in the mouse (data not shown). Therefore, it is likely that the EST sequences correspond to one or more human proteins of the Ulip protein family (see also Discussion).
GenBank database screening also revealed homologies with sequences from more distant species: a bacterial D-hydantoinase (Jacob et al., 1987) , and the product of the uric-33 gene from the nematode C. eZeguns (Li et al., 1992) (Fig. 4) axonal guidance and outgrowth in C. elegans (Desai et al., 1988; McIntire et al., 1994) . Animals bearing the mutated gene are severely uncoordinated, almost paralyzed, and are partially egg-laying-defective.
The gene product of uric-33 exists in three alternatively spliced forms (of 854, 676, and 523 amino acids), which differ only in the length of their N-terminal extension (Li et al., 1992) . The sequenced form of Ulip corresponds to the shortest of the three Uric-33 forms.
Of interest, the triple alignment of Ulip with hydantoinase and Uric-33 reveals a highly conserved region of 34 amino acids (Fig.  4 , see region b: 380-413 in Ulip) with 59% overall identity among the three sequences (84% between Uric-33 and Ulip, 65% between hydantoinase and Ulip). The similarity between Ulip and Uric-33, a protein of almost the same length, is dispersed throughout the sequence with a lower degree of similarity in the C-terminal quarter (d) of the protein. The shorter D-hydantoinase sequence reveals a slightly higher (40%) similarity with Ulip than Uric-33 (36%) in the N-terminal three quarters (a-c) of the Ulip sequence, but it lacks the C-terminal d region.
Brain specificity and developmentally regulated expression of Ulip The striking molecular similarity of Ulip with the Uric-33 protein, which is implicated in the regulation of axonal guidance and outgrowth in C. elegans, led us to investigate their potential biological similarities.
Northern blot analysis of total RNA extracts from various tissues (Fig. 5A ) revealed a 5.5 kb Ulip mRNA in newborn mice, mostly expressed in the brain and more weakly expressed in the heart and muscle. In the adult, there was no detectable 5.5 kb signal in any of the tissues tested. However, a 2 kb mRNA not observed in the brain was detected in the testis even at high stringency (65°C in 0.1X SSC, 0.1% SDS).
Western blot analysis of the expression of Ulip in various tissues from the neonatal mouse showed that the protein also is expressed almost exclusively in the brain (Fig. 5B) . In agreement with the Northern blot results, a much weaker but clear expression was detected in the heart, as was a very weak but still detectable expression in the lung and muscle, possibly attributable, at least in part, to the presence of neuronal cells in the corresponding tissue preparations. In the adult animal, the expression of the Ulip protein could be detected only in the brain, where its expression was at least 20-fold lower than in the neonate, because even a 20-fold longer autoradiographic exposure of the Western blot revealed a weaker signal (Fig.  5R) . Also correlating well with the Northern blot results, a very weak band corresponding to the Ulip protein was detected on the Western blot of the adult testis.
In light of the results showing mostly a neonatal brain-specific expression of Ulip, we further examined its brain-expression pattern during the neonatal period of development (Fig. 5C) . The protein becomes detectable in the cortex and the striatum at embryonic day 16, reaching a peak at approximately postnatal day 5, when neuronal differentiation and synapse formation are very active. It then decreases to very,low levels as soon as postnatal day 20.
Regulation of Ulip phosphorylation by NGF in PC12 cells
The PC12 cell line often is used as an in vitro model for neuron-like differentiation. Indeed, NGF induces the flattening of cells and the outgrowth of neurites as well as the appearance of molecular markers of neurons (Greene and Tischler, 1982) . Two-dimensional Western blots with antisera directed against the mouse protein showed that Ulip is detected easily in rat PC12 cells (Fig. 6B) , where it also can be identified clearly on gels by silver-staining (Fig. ti,B) . The rat PC12 protein actually comigrated with the purified mouse brain protein on two-dimensional PAGE gels (data not shown). These results are in good agreement with the apparent evolutionary conservation of the Ulip protein. As in the brain, only the specific anti-Ulip antisera recognized its B isoform. As mentioned above, all antisera also recognized a third likely isoform (C) of the Ulip protein in PC12 cells, with an M, of -85 kDa (Fig.  6B) , which is expressed at a level comparable with that of the A isoform. This isoform was also detected by silver-staining.
The presumably phosphorylated forms of the C isoform, like the B isoform, have identical isoelectric points to those of the A isoform. It is unlikely that the interaction with the C isoform represents a fortuitous cross-reactivity of three distinct antisera. This isoform, therefore, probably corresponds to another alternatively spliced form of Ulip, including additional exons that might account for its larger size, or to a closely related protein of the same family.
It was of great interest to see whether the phosphorylation pattern of Ulip was changed after induction of the differentiation of these cells toward a neuron-like phenotype. PC12 cells were labeled with ["'P](POJ" in viva, and the radioactive phosphoproteins from control or NGF-induced cells were analyzed by two-dimensional PAGE and autoradiography. As shown in Figure 6C , at least two forms, A3 and A4, were radiolabeled in control cells. These phosphoproteins coincided clearly with the known Ulip spots on silver-stained gels as well as with the immunostained spots on comigrations with the soluble fraction of PC12 cells (data not shown).
After NGF treatment for 30 min, the A4 form became undetectable.
This might be attributable either to the phos- Note the well preserved b region, presenting 59% overall identity among the three proteins.
phorylation of A4 to a highly phosphorylated form or to the dephosphorylation of A4. Based on their migration pattern, the three spots indicated by stars above A3 and A4 on Figure 6C most likely correspond to forms B4a, B5, and B6. They were heavily phosphorylated under control conditions, whereas the addition of NGF induced a decrease in the intensity of the two more acidic spots.
It appears, therefore, that the phosphorylation of Ulip forms in PC12 cells is modified in response to NGF, possibly in relation to the control of neuronal differentiation and neurite outgrowth. Ulip antiserum (Fig. 7) . When the same cultured neurons were labeled , showing the weak 2 kb signal observed only in adult testis. B, C, Immunoblots. B, Sixty micrograms of protein homogenates from the indicated tissues were separated by one-dimensional PAGE on a 10% polyacrylamide gel, transferred onto nitrocellulose membranes, and probed with the anti-recombinant Ulip antiserum (1:50,000) and detected with iz51-labeled protein A. As indicated, all of the tissues examined in the newborn and adult animals were the same except for the thymus in the newborn and the testis in the adult mouse. The immunoblots were exposed either without (Xl ) or with (X20) a Kodak Quanta III screen for the same duration, the latter yielding an -2O-fold enhanced signal. Stars refer to the minor, higher M, bands visible in the newborn brain sample, most likely corresponding to the B and C Ulip isoforms (see Figs. 1, 6) . C, Fifty micrograms of protein from mouse brain cortex or striatum homogenates at the indicated stages of development were separated by one-dimensional PAGE, transferred onto nitrocellulose membranes, and revealed with cross-reactive anti-stathmin antibody (l:lO,OOO) and iZ51-labeled protein A, showing a peak of Ulip expression at -5 d postnatal.
either with immune serum preincubated with the recombinant Ulip protein or with preimmune serum at the same dilution, the fluorescence was reduced strongly, indicating that the labeling with the anti-Ulip serum was highly specific. In PC12 cells, the protein was cytoplasmic and was absent from the nuclei. After induction of differentiation with NGF, Ulip was also detectable in all of the neurites, where the antiserum clearly labeled varicosities (arrowheads; the lower intensity of neurite labeling in Fig. 7B is attributable to the focus on the cell body and nucleus). In agreement with results from immunoblot experiments (data not shown), no difference was observed in the expression level of Ulip between NGF-treated and nontreated cells. No clear colocalization of the Ulip protein with cytoskeletal elements could be observed by double-staining PC12 cells with antibodies recognizing cytoskeletal proteins such as tubulin, actin, and the M, 68 kDa neurofilament isoform (data not shown).
Primary neurons from E20 rat striatum were examined after 8 d in culture (Fig. 7) . Like PC12 cells, all of the neurons displayed immunoreactivity in the cytoplasm, whereas very little if any signal could be detected in the nuclei. The neurites and axons were labeled along their entire length, with a strong staining at the varicosities (arrowheads) and at the growth cones (arrows).
Expression of Ulip at the neuromuscular junction The fact that Ulip was associated with neuritic processes grown in culture prompted us to examine its presence at peripheral motor nerve endings at the neuromuscular junction. Double-labeling experiments were performed using the anti-Ulip antiserum and the rhodamine-conjugated cY-bungarotoxin, which binds to acetylcholine receptors (Fig. 8) . Synaptic sites, which were identified by their cr-bungarotoxin labeling on cross-sections of adult gastrocnemius muscle, displayed a moderate but clearly positive Ulip The entire silver-stained two-dimensional gel is shown with the area of Ulip boxed IA). In B, the same area enlarged is displayed together with the corresponding areas of Western blots probed with sera directed against stathmin, peptide V, or recombinant Ulip. Numbers refer to the various forms of each of the A (64 kDa), B (70 kDa), and C (85 kDa) isoforms of Ulip, as defined in Figure 1 . Note that the A and C isoforms are recognized by all the three antisera, whereas the B isoform is not recognized by the anti-stathmin antiserum. For this experiment, the antipeptide V antibody was used after affinity purification against peptide V. C, In vivo phosphorylation in PC12 cells. PC12 cells were incubated for 4 hr with 32P-1abeled o-phosphate without (control) or with (+NGF) the addition of NGF (200 rig/ml) for the final 30 min. Proteins were separated by two-dimensional PAGE and detected by autoradiography. Numbers refer to the corresponding phosphorylated forms of the A isoform of Ulip, whereas the asterisks indicate most likely increasingly phosphorylated B forms.
staining. Triple labeling with anti-Ulip, anti-nemofilament antibody, and a-bungarotoxin showed that Ulip immunoreactivity was associated with intramuscular nerve branches located near the neuromuscular junction and was recognized by the positive staining with the anti-neurofilament antibody (data not shown).
J. Neuroscl., January 15, 1996, 16(2):688-701 697 To confirm further the location of Ulip at the neuromuscular junction, we performed whole-mount preparations of teased sternocleidomastoid muscle fibers (Fig. 8) . Ulip immunoreactivity examined by confocal fluorescence microscopy appeared at two different levels at motor nerve endings: as a staining pattern that closely matched the ol-bungarotoxin labeling, and as a positive immunoreaction delineating the preterminal region associated with the neuromuscular junction.
DISCUSSION
The present characterization of the developmentally regulated neuronal Ulip phosphoprotein led us to identify both molecular and biological similarities with the product of the C. elegans gene uric-33. Ulip thus is likely to be its functional mammalian homolog, potentially related to the molecular processes underlying axonal guidance and neuritic elongation that take place during development and regeneration within the nervous system.
Biological and molecular properties of Ulip
The expression of Ulip appeared preferentially in the nervous system, where it is highly dependent on development; these findings support a role of Ulip related to the molecular processes allowing and/or controlling specific stages of neuronal development.
In PC12 cells and primary neurons in culture, Ulip could be detected in the cell body, but not in the nucleus, and in all of the neuritic processes, showing a marked labeling of varicosities and growth cones. These observations clearly demonstrate the neuronal expression of Ulip and its likely involvement in neuronal growth and/or differentiation.
Ulip was detected in peripheral nerve endings at the adult neuromuscular junction, where it was coincident with the nicotinic acetylcholine receptor labeling, but Ulip was associated also with presynaptic regions. This latter observation reflects the presence of Ulip in neuronal processes and, possibly, in associated terminal Schwann cells.
In the mouse brain, at least two Ulip isoforms, A and B, are present, with respective M, values of 64 and 70 kDa, whereas a third, additional M,. 85 kDa C isoform is expressed in rat PC12 cells. In the mouse brain, a single 5.5 kb mRNA was detected, which likely codes for the most abundant A isoform. The various forms of Ulip might be products of the same gene and translated from alternatively spliced mRNAs, as was shown also for Uric-33 (Li et al., 1992) . Another possibility is that the diverse forms recognized by the various antisera correspond to closely related proteins of a common, conserved family, as suggested by the comparison of all of the related sequences available so far (see below). Interestingly, an additional mRNA of -2.0 kb was found in the testis, where traces of the protein also were detected.
Ulip is a phosphoprotein, because it is sensitive to alkaline phosphatase and incorporates radioactive phosphate, which is in good agreement with the presence of consensus phosphorylation sites for several types of protein kinases within its amino acid sequence. In vivo, the phosphorylation state of Ulip in PC12 cells was modified in response to the neuronal growth, differentiation, and survival factor NGF. This is a clear indication of a possible regulation of the activity of this protein, and of its potential implication in intracellular cascades involved in the regulation of neuronal differentiation and maturation.
Molecular and functional similarities
The databank search with the Ulip sequence revealed similarities with mammalian sequences, toad-64, several brain ESTs Figure 7 . Immunofluorescence labeling of Ulip in PC12 cells and rat striatal primary neurons. Control (A) and NGF-induced (B) PC12 cells were fixed with methanol, and E20 neurons from rat striatum (C-F) were hxed after 8 d in culture with 2% p-formaldehyde. Cells were labeled with the anti-recombinant Ulip antiserum (MOO; A-D), with anti-Ulip antiserum preincubated with 10 pg/pl recombinant Ulip protein (E), or with preimmune rabbit serum at the same dilution as in&D. Primary antibodies were revealed with rhodamine-conjugated anti-rabbit secondary antibodies. Note neurites with strongly immunoreactive varicosities (a~owheuds) and growth cones (arrows). In B the focus is mainly on the cell body, resulting in lower apparent fluorescence intensity in neurites; in D, only the axonal extension of a neuron can be seen, the cell body being outside the field. Scale bars, 25 pm; magnification in B, C, E, and F as in A.
and, more provocatively, a P. putida bacterial hydantoinase and the C. elegans uric-33 gene product. After submission of this paper, two additional Ulip-related sequences were reported, crmp-62 in chick (Goshima et al., 1995) (accession number U17277) and munc in mouse (S. Tontsch, unpublished data; accession number X87242). Ulip exhibits puzzling sequence similarities with several bacterial hydantoinases (Yang et al., 1993) , the most striking of them with an enzyme from P. putida (Jacob et al., 1987) , the sequence of which covers the N-terminal three quarters of Ulip. The only mammalian hydantoinase-like protein that displays a certain similarity with Ulip is a hamster dihydro-orotase (Simmer et al., 1990; Williams et al., 1990) , which has a high degree of similarity (60% identity) with Ulip only in a 37-amino-acid stretch (Ulip residues 67-103). This region is well preserved in all dihydro-orotases known so far, but the probable critical amino acids for Zn2+ 
